


































was	 built	 by	 Jeff	 Gostick.	 Other	members	 of	 the	 PMEAL	 group	 have	modified	 and	





High	 specific	 energy	 density,	 low	 cost,	 and	 relative	 safety	 make	 zinc	 air	
batteries	 a	 promising	 energy	 storage	 technology.	 However,	 to	 fully	 realize	 their	
advantages	improvements	must	be	made	to	increase	their	efficiency,	in	terms	of	both	
energy	and	power	density.	This	work	focuses	on	designing	novel	cathode	materials	
for	 zinc	 air	 flow	 batteries	 with	 improved	 mass	 transport	 and	 electrochemical	
properties.	 Electrospinning	 and	 electrospraying	 techniques	 were	 used	 to	 develop	
highly	porous	gas	diffusion	layers	and	high	surface	area	catalyst	layers,	respectively.	
The	 physical	 characteristics	 of	 these	materials	were	 evaluated	 and	 compared	 to	 a	
commercial	cathode	material.	Electrospun	fiber	mats	were	shown	to	offer	favorable	
mass	 transport	 characteristics	 over	 the	 reference	 material,	 and	 electrosprayed	
catalyst	layers	offered	high	specific	surface	area.	A	test	cell	was	designed	and	used	to	
evaluate	 the	 electrochemical	 performance	 of	 the	 cathode	 materials	 in	 this	 work.	
Results	of	those	experiments	showed	that	electrosprayed	catalyst	layers	performed	







for	 all	 the	 time	 he	 committed,	 especially	 the	 many	 scheduled	 and	 unscheduled	
meetings	 that	 made	 this	 work	 possible.	 Without	 his	 calm	 and	 patient	 guidance	
completing	 this	 project	 while	 navigating	 campus	 closures	 and	 equipment	 failures	
would	have	been	a	much	different	experience.	
	 I’ve	enjoyed	working	with	and	getting	to	know	the	entire	PMEAL	group	and	











































































































Figure	 14	 SEM	 images	 of	 the	 Ni	 mesh/backing	 layer	 integration	 (left)	 and	 the	
microstructure	of	the	catalyst	layer	(right)	 46 











































































Many	 different	 forms	 of	 renewable	 energy	 storage	 currently	 exist,	 serving	
different	purposes.	Electrochemical	energy	storage	solutions	offer	a	high	degree	of	
flexibility,	 allowing	 different	 power	 and	 energy	 requirements	 to	 be	 met.	 When	
integrated	 with	 electricity	 generated	 from	 photovoltaic	 cells	 and	 wind	 turbines,	






Zinc	 –	 air	 batteries	 (ZAB)	 are	 a	 particularly	 promising	 electrochemical	
technology	as	they	offer	a	relatively	high	energy	density,	enabling	them	to	store	large	







The	high	energy	density	and	 the	 fact	 that	oxygen	 from	the	air	 is	one	of	 the	










Primary	 batteries	 are	 recharged	 by	 supplying	 fresh	 zinc,	 refined	 by	
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electrowinning	using	power	from	excess	renewable	energy,	to	the	cell.	These	primary	















Zn	 0.82	 1.3	 2	 1.6	 1.0	–	1.2	
Li	 3.86	 13.0	 1	 2.9	 2.4	
*with	an	oxygen	cathode	
	
Large	 scale	 zinc	 -	 air	 batteries	 have	 four	 primary	 components,	 the	 anode,	
cathode,	electrolyte,	and	separator.	The	anode	is	zinc	metal,	usually	in	powder	form.	
During	discharge	zinc	 is	oxidized,	 liberating	 two	electrons	 for	every	atom.	Various	
anode	 structures	 have	 been	 explored	 with	 the	 goal	 of	 improving	 efficiency	 by	

















of	 the	 anode	 side	 is	 important.	 The	 anode,	 pure	 zinc	 metal	 powder,	 can	 be	
conceptualized	as	the	part	of	a	zinc	–	air	cell	where	energy	is	stored.	Each	zinc	atom	






air	 batteries	 due	 to	 its	 high	 ionic	 conductivity.	 During	 discharge	 the	 zinc	 anode	
undergoes	various	chemical	processes,	including	solvation	into	ions	and	oxidation	of	




The	 reaction	 scheme	 for	 the	 oxidation	 of	 zinc	 in	 an	 alkaline	 solution	 is	 as	
follows:	
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Zn	 → Zn!" + 2e#	 Eq.		2	
	
Zn!" + 4OH# → Zn(OH)$!#	 Eq.		3	
	
Zn(OH)$!# 	→ ZnO + H!O + 2OH#	 Eq.		4	
	










2H!O	 + 	2e# →	H! + 	2OH#	 Eq.		6	
	
Some	 work	 has	 been	 done	 to	 limit	 hydrogen	 production	 in	 zinc	 air	 cells.	
















Oxygen	 from	 the	 air	 reacts	 at	 the	 triple	 phase	 boundary	 between	 oxygen,	
electrolyte,	and	solid	catalytic	surfaces	in	the	cathode,	illustrated	in	Figure	1.	During	









to	 occur,	 a	 less	 efficient	 two	 electron	 pathway,	 or	 a	 more	 efficient	 four	 electron	
pathway.	Platinum	group	metals	are	proven	catalysts	that	enable	oxygen	reduction	






















(GDEs)	 with	 improved	 mass	 transport	 properties	 for	 zinc	 –	 air	 batteries	 by	
electrospinning	 and	 electrospraying	 techniques.	 Typical	 cathode	materials	 used	 in	
commercial	 zinc-air	 batteries	 consist	 of	 powder-binder	 composite	 gas	 diffusion	




























work	 that	 has	 been	 done	 in	 developing	 the	 air	 cathodes	 for	 zinc	 air	 batteries.	 A	




results	 for	 those	 materials	 is	 then	 presented	 in	 Chapter	 4.	 The	 results	 section	 is	
structured	 to	 first	 give	 the	 reader	 an	 overview	 of	 the	 complete	 cathode	materials	
studied,	 then	 presents	 the	 characteristics	 of	 each	 component	 in	 the	 cathode.	 The	






Large	 scale	 energy	 storage	 serves	many	 purposes,	 but	 its	 greatest	 role	 is	 in	
integrating	renewable	sources	of	electricity	into	the	existing	grid	infrastructure.	Wind	





without	 effective	 storage	 technologies,	 renewable	 electricity	 can	 never	 completely	
replace	conventional	electricity	generated	from	thermal	energy.		
To	 ensure	 efficient	 utilization	 of	 low	 carbon	 energy,	 renewables	 are	 given	
priority	 in	 the	 grid	 and	 are	 distributed	 to	 match	 production	 rates;	 conventional	
electricity	producers	are	required	to	modulate	their	energy	output,	accommodating	
the	 renewable	 producers.	 This	 is	 inefficient	 from	 a	 cost	 and	 thermodynamic	
standpoint	 as	 thermal	 generators	 must	 be	 brought	 on	 and	 off	 line	 more	
frequently[21].	 	 Energy	 storage,	 in	 its	 many	 different	 forms,	 helps	 to	 smooth	 the	
temporal	 fluctuation	 inherent	 in	 renewable	electricity,	 easing	grid	 integration.	The	
marginal	 benefit	 of	 energy	 storage	 is	 a	 function	 of	 the	 difference	 in	 cost	 between	
intermittent	and	reliable	sources	of	energy.	Losses	incurred	by	the	storage	technology	
must	be	taken	into	account[22].	
When	 considering	 how	 to	 store	 electricity	 one	 is	 faced	 with	 two	 options,	
	 11	
accumulating	 the	 electrons	 directly	 and	 drawing	 upon	 them	 when	 required,	 or	
transforming	the	electrical	energy	into	a	different	form	for	storage,	such	as	potential	





improve	 power	 quality	 at	 the	 grid	 scale	 and	 require	 technology	 that	 can	 provide	
electricity	almost	instantaneously.		Transmission	and	distribution	(T&D)	challenges,	
such	as	integrating	large	amounts	of	renewable	power	during	peak	production,	are	
addressed	 by	 energy	 storage	 technologies	 that	 have	 a	 larger	 energy	 capacity	 and	
higher	power	rating.		
	 Pumped	 hydroelectric	 (PHES)	 and	 compressed	 air	 energy	 storage	 are	 both	
examples	 of	mechanical	 storage	 technology,	with	 PHES	 accounting	 for	 99%	of	 the	






infrastructure	 and	 enable	 the	 large-scale	 integration	 of	 renewables.	 Metal	 –	 air	
batteries	 seem	 particularly	 well	 suited	 to	 meet	 this	 need.	 Because	 the	 cathodic	
reaction	utilizes	atmospheric	oxygen	they	offer	higher	specific	energy	than	lithium-
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ion	 batteries	 and	 are	more	 flexible	 than	 conventional	 batteries	 in	 that	 power	 and	
energy	storage	may	be	decoupled	[24].		
Zinc	–	air	batteries	in	particular	have	received	a	lot	of	interest	as	a	large-scale	





That	 is	not	 to	 say	zinc	–	air	battery	 technology	 is	 fully	 realized;	a	number	of	
problems	must	be	solved	before	its	potential	for	large	scale	energy	storage	can	be	fully	







One	 of	 the	 most	 common	 experiments	 to	 understand	 the	 electrochemical	
performance	of	batteries	 and	 fuel	 cells	 is	 to	measure	 the	deviation	 from	open	cell	
voltage	 that	 occurs	 when	 the	 current	 flow	 increases.	 Taking	 multiple	 current	






Generally,	potential	 losses	occur	 in	 three	different	 regimes.	Activation	 losses	
occur	at	low	current	densities	and	are	due	to	the	electrochemistry	of	the	cell.	Sluggish	
reactions	 with	 high	 activation	 energy	 have	 more	 activation	 potential	 loss	 than	





cathode,	 for	 example,	 reduces	 potential	 losses	 in	 the	 electrolyte.	 At	 high	 current	
densities	reactions	are	proceeding	as	fast	as	possible	at	the	anode	and	cathode,	so	fast	










transport	 performance	 of	 new	 and	 used	 cathodes,	 supporting	 the	 results	 of	 their	
characterization	work	with	SEM	imaging	[26].	Little	information	was	given	about	the	
condition	of	the	used	cathodes,	other	than	being	“seriously	degraded”.	
	 Comparing	 the	polarization	curves	of	 the	new	and	used	cathodes	showed	a	
clear	 reduction	 in	 performance;	 polarization	 experiments	 showed	 that	 the	 peak	
power	density	was	reduced	by	almost	40%	for	the	used	materials[26].	The	early	onset	
of	 mass	 transfer	 losses	 in	 the	 used	 cathode	 materials	 suggests	 that	 reduction	 in	
oxygen	transfer	as	the	cell	ages	is	the	cause	for	the	reduced	performance	while	EIS	
experiments	 conducted	 with	 the	 new	 and	 used	 materials	 produced	 spectra	 that	
suggest	both	a	reduction	in	mass	transport	and	electrochemical	activity	for	the	used	
cathode.		
SEM	 images	 of	 the	 used	 cathode	 materials	 in	 the	 Ma	 et	 al	 paper	 showed	 a	
reduction	 in	 pore	 space	 in	 the	 catalyst	 layer	 as	 well	 as	 a	 reduction	 in	 nanoscale	
roughness.	Both	changes	reduce	electrochemical	area,	decreasing	the	power	density	

















This	 asymmetrical	 cathode	 design	 promoted	 greater	 electrolyte	 penetration	
into	 the	 catalyst	 layer	 than	 conventional	 zinc	 -	 air	 catalyst	 layers	 that	 use	 a	 PTFE	
binder.	 The	 asymmetrical	 material	 performed	 better	 than	 the	 conventionally	
designed	 cathode	 exhibiting	 less	 voltage	 loss	with	 increasing	 current	 density	 and	
better	 cyclability,	 which	 the	 authors	 attribute	 to	 the	 increased	 triple	 phase	
boundary[27].	
Optimizing	 oxygen	 transport	 to	 the	 catalyst	 layer	 is	 also	 an	 important	








with	 diameters	 below	 5	 nm.	 The	 authors	 attribute	 this	 to	 an	 increase	 in	 mass	
transport.	 Additionally	 the	 1:2	 material	 had	 the	 highest	 BET	 surface	 area	 of	 all	
cathodes	studied,	due	to	the	PTFE	acting	as	a	spacer	between	CNT	groups,	modifying	
the	pore	structure	to	encourage	oxygen	diffusion[28].	
Wang	 et	 al	 also	 explored	 tailoring	 the	 pore	 size	 and	 properties	 of	 the	 gas	
diffusion	 layer,	 but	 rather	 than	 adjusting	 the	 PTFE:CNT	 ratio	 they	 grew	 Co3O4	
nanosheets	on	a	carbon	nanotube	and	nickel	foam	substrate.	The	Co3O4	nanosheets	







on	 carbon,	 the	 Co3O4	 nanosheet	 electrodes	 resulted	 in	 a	 higher	 power	 density,	
improved	ORR	performance,	and	superior	cycle	stability.	The	power	density	can	be	









fibers	 to	 be	 produced	 with	 relative	 ease.	 “Electro”	 refers	 to	 the	 difference	 in	
electrostatic	potential	that	draws	the	polymer	solutions	into	fibers.	Polymer	solution	








As	 the	 jet	 travels	 from	 the	 Taylor	 cone	 to	 the	 collector	whipping	 instability	
occurs.	The	polymer	 jet	experiences	rapid	whipping	motion	and	 large	shear	 forces	








Carbon	 fibers	are	produced	 from	PAN	 fibers	by	a	multi-stage	 carbonization	
process.	The	first	stage	in	the	carbonization	process	is	commonly	referred	to	as	the	
stabilization	stage	and	takes	place	under	an	air	atmosphere	between	200	and	300°C.	
During	 the	 stabilization	 stage	 cyclization	 and	 dehydrogenation	 reactions	 occur	
simultaneously	 and	 the	 linear	 structure	 of	 PAN	 is	 converted	 into	 a	 heterocyclic	
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structure	[33].	This	ladder-like	structure	can	withstand	the	high	temperatures	of	the	





namely	 nitrogen,	 hydrogen,	 and	 oxygen	 are	 driven	 off,	 resulting	 in	 a	 high	 purity	
carbon	fiber.	It	has	been	shown	that	as	carbonization	temperature	increases	graphitic	
carbon	 content	 increases	 and	 conductivity	 improves,	 while	 heteroatom	 content	
decreases[33].	
2.6 Electrospraying	of	porous	films	












understanding	 the	 experimental	 parameters	 and	 morphologies	 achievable	 with	
electrospinning	 techniques.	More	 recently,	 focus	 has	 shifted	 to	 creating	 functional	








Lanthanum	 cobalt	 oxide	 has	 been	 successfully	 integrated	 into	 electrospun	
carbon	 fibers	 by	 Shim	 et	 al;	 they	 produced	 porous	 carbon	 fibers	 with	 LaCoO3	
inclusions	 by	 incorporating	 lanthanum	 and	 cobalt	 salts	 into	 the	 electrospinning	





The	 electrospun	 fibers	 with	 integrated	 catalysts	 were	 also	 found	 to	 have	 a	
higher	BET	specific	surface	area	than	the	powder	catalysts,	5.43	m2/g	compared	to	
4.54	m2/g	 [35].	The	authors	attribute	 the	 increased	electrochemical	activity	of	 the	
electrospun	materials	to	a	greater	availability	of	active	sites.		
Higher	specific	surface	areas	increasing	the	effectiveness	of	catalytically	active	
electrospun	 carbon	 fibers	 is	 a	 common	 trend	 in	 research	 developing	 electrospun	
materials	 for	 zinc	 –	 air	 batteries.	 Park	 et	 al	 have	 developed	 high	 surface	 area	
electrospun	 fibers	 with	 a	 “churros”	 morphology	 by	 electrospinning	 homogenous	
solutions	of	PAN	and	polystyrene	(PS)[36].	Differences	in	surface	energy	between	the	
PAN	 and	 PS	 cause	 microphase	 separation	 within	 the	 electrospun	 fiber.	 During	
carbonization	the	PS	decomposes	creating	a	highly	porous	inner	structure	of	channels	








on	 catalyst	 layer	 design	 there	 has	 been	 some	 development	 of	 free	 standing	
electrospun	 fiber	 sheets	 for	 zinc	 air	 battery	 applications.	 Huang	 et	 al	 explored	






membrane	 at	 a	 current	 density	 of	 10	 mA/cm2[37].	 Other	 architectures	 of	 CO2	
adsorbing	 electrospun	 fibers	 have	 been	 investigated.	 Zainab	 et	 al	 developed	 an	






opposed	 to	 electrospraying	 techniques.	 Application	 of	 PEMFC	 catalyst	 layers	 by	
electrospraying	 has	 received	 much	 more	 attention.	 Dendritic	 structured	 catalyst	










The	 fibers	 produced	 in	 this	 study	 were	 electrospun	 from	 solution	 of	 PAN	












































	 Compound	 Relevant	Properties	 Supplier	






















of	 interaction	 between	 polymer	 chains	 in	 solution.	 These	 solutions	 can	 be	
conceptualized	as	having	two	distinct	regimes,	with	the	transition	between	the	two	
occurring	 at	 c*,	 the	 critical	 concentration[43].	 Below	 the	 critical	 concentration	
polymer	 interaction	 does	 not	 occur	 appreciably	 and	 the	 solution	 is	 not	
electrospinnable[43].	The	critical	 concentration	depends	on	 the	average	molecular	













As	 the	distance	between	 the	needle	 tip	and	collector	 increases	 the	 jet	 radius	
decreases	 due	 to	 stretching	 caused	 by	 the	 electrostatic	 force	 on	 the	 solution	 and	
whipping	instability	as	the	jet	travels	from	the	Taylor	cone	to	the	collector.	There	is	a	






































The	temperature	profile	used	 features	 three	constant	 temperature	stages	at	
250°C,	900°C,	and	1050°C.	Between	stages	the	heating	rate	was	set	to	5°C/min.	After	
the	final	stage	the	furnace	was	cooled	at	a	controlled	rate	to	below	200°C,	at	which	
point	 the	 heating	 element	 was	 turned	 off	 and	 the	 furnace	 cooled	 to	 ambient	
temperature	uncontrolled.	
A	flow	line	with	an	analog	gas	flowmeter	was	ported	into	the	front	cap	of	the	
furnace.	 After	 2	 hours	 and	 50	 minutes	 had	 elapsed	 (2	 hours	 into	 the	 250°C	








the	 desired	 amount	 of	 PTFE	 loading	 would	 be	 achieved	 when	 the	 material	 was	
















catalyst	 layers	 to	 the	 surface	 of	 the	 electrospun	 gas	 diffusion	 layer	materials.	 The	
device	consisted	of	stationary	needle	charged	by	an	MJ	series	Glassman	power	supply.	
The	electrospraying	solution,	commonly	referred	to	as	ink,	was	fed	to	the	needle	by	a	
























Two	 electrosprayed	 catalyst	 layers	 were	 developed	 in	 this	 work,	 both	 using	






































measure	 gas	 adsorption,	 allowed	 for	 the	 relatively	 low	 specific	 surface	 area	 fiber	
materials	to	be	measured	without	requiring	a	large	sample	mass.	
BET	theory	has	become	a	standard	technique	to	estimate	the	specific	surface	
area	 of	 a	 material	 from	 an	 isothermal	 adsorption	 experiment.	 An	 adsorption	
experiment	produces	a	dataset	of	the	specific	amount	of	adsorbate	that	adsorbs	onto	
the	 adsorbent,	 n,	 at	 some	 relative	 pressure,	 𝑃 𝑃*K .	 Plotting	 experimental	 data	
according	to	a	 linear	form	of	the	BET	equation,	Eq.	 	10,	allows	one	to	calculate	the	
number	of	molecules	adsorbed	in	the	first	layer,	nm	[mol/g],	and	the	BET	constant,	C,	

























The	 pressure	 at	which	 electrolyte	 is	 forced	 through	 the	MPL	 into	 the	 GDL,	
flooding	the	cell	and	effectively	blocking	all	oxygen	diffusion	to	the	catalyst	layer	is	
one	of	 the	most	 important	performance	metrics	 for	cathode	materials	 in	metal	air	
batteries.	 This	 pressure,	 the	 breakthrough	 pressure,	 was	 measured	 using	 an	




PX409-030A5V	 pressure	 gauge,	 shown	 in	 Figure	 10.	 A	 saturated	 hydrophilic	 PES	
membrane	with	a	.03	µm	pore	size	was	placed	in	the	holder	below	the	sample	and	a	














time	 using	 a	 LabVIEW	 program.	 The	 datasets	 allow	 one	 to	 easily	 correlate	 the	
pressure	at	which	the	reservoir	mass	begins	increasing,	the	breakthrough	pressure.	




model	 MMG250V10P1C0T4A6	 sensor	 with	 a	 maximum	 pressure	 of	 250PSIG	 was	
installed	and	the	LabVIEW	VI	was	adjusted	accordingly.	In	this	arrangement	the	cavity	













layers	 of	 randomly	 cross-hatched	 fibers,	 while	 diffusion	 in	 the	 in-plane	 direction	
occurs	in	the	same	direction	as	the	fiber	axis.	Through-plane	values	are	understood	
to	correlate	to	in-plane	diffusivity	values.	Previous	experiments	on	conventional	gas	
diffusion	 layers	 used	 in	 PEM	 fuel	 cells	 have	 shown	 that	 in-plane	 diffusivity	 is	
consistently	about	two	times	higher	than	the	through-plane	value	[52],	[53].	
The	 powder/binder	 composite	 materials	 and	 the	 electrosprayed	 layers	















𝐶(𝑡) = 𝐶*	at		𝑟 = 𝑅	and		𝑡 = 0	














































































produced	 by	 the	 experiment	 is	 interpreted	 as	 %
?


























	 𝐹3*3 = 𝐹B +	𝐹<	 Eq.		20	
	
	 𝐹3*3 = 𝑚AC<𝑔	 Eq.		21	
	







































































The	 electrode	 materials	 studied	 may	 be	 approximated	 as	 two	 dimensional	


















to	 slightly	 decrease	 sheet	 resistance	 across	 a	 range	 of	 electrode	 materials,	 while	













Teflon	 gaskets	 were	 used	 to	 both	 arrange	 cell	 components	 and	 provide	 a	
watertight	 seal.	 A	 Sterlitech	 PES	membrane	with	 .45	micron	 pores	was	 used	 as	 a	
separator,	 allowing	 electrolyte	 to	 reach	 the	 catalyst	 layer	 on	 the	 cathode	 while	
providing	electrical	separation	between	the	anode	and	cathode.	As	preliminary	cell	
designs	were	being	tested	it	became	clear	that	Teflon	gaskets	were	not	adequate	to	















controlled	 by	 a	 separate	 flow	 controller.	 The	 lead	 for	 the	 cathode	 side	 current	
collector	was	fed	through	a	hole	in	the	chamber,	space	around	the	lead	and	hole	was	
filled	with	putty.	Gases	were	fed	at	a	total	volumetric	flow	rate	of	.5	standard	liters	per	
minute	 (SLM).	 Polarization	 curve	measurements	were	 taken	 15	minutes	 after	 gas	
concentration	 changed	 to	 allow	 for	 complete	 displacement	 of	 the	 previous	 gas	
mixture.	
3.5 Reference	material	overview	
The	reference	cathode	material	 currently	being	used	 in	zinc	air	 cells	 is	a	gas	
diffusion	layer	composed	of	carbon	powder	and	50wt%	PTFE	binder	pressed	into	an	
expanded	nickel	mesh	current	collector	that	also	serves	to	provide	structural	integrity.	





















mechanically	 supporting	 the	 catalyst	 layer	 and	acting	as	 a	 conductor	 for	 electrons	
participating	in	ORR	and	OER	reactions.	But,	the	most	important	functions	of	the	GDL	
are	mass	transport	related;	an	ideal	GDL	allows	oxygen	to	diffuse	to	the	catalyst	layer	
with	 little	 resistance	 while	 preventing	 electrolyte	 from	 invading	 the	 pores	 and	
flooding	the	cell.	
In	 an	 effort	 to	 optimize	 for	 both	 gas	 diffusion	 and	 water	 management,	













It	 is	 therefore	advantageous	 to	 reduce	 the	pore	 sizes,	 if	 possible.	 	However,	
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effective	 diffusivity	 also	 decreases	 when	 the	 pore	 sizes	 are	 below	 1	 um	 due	 to	
Knudsen	 effects	 [58].	Ultimately,	 though	 reducing	 fiber	diameter	 reduces	 the	pore	
sizes	 in	 the	 fiber	matrix,	 the	pores	are	 still	much	 larger	 than	 the	diffusing	 species	
(oxygen	molecules)	and	Knudsen	diffusion	is	insignificant.	
4.2 Design	considerations	for	an	electrosprayed	microporous	layer	
The	microporous	 layer	 serves	 to	 block	 electrolyte	 in	 the	 catalyst	 layer	 from	
further	 invading	the	cathode.	As	such,	a	high	degree	of	hydrophobicity	 is	desirable	
and	can	be	achieved	by	engineering	the	pore	size	and	material	composition	of	the	MPL.	
Because	 reactants	 and	 products	 must	 diffuse	 across	 the	 MPL	 it	 is	 desirable	 to	
minimize	the	 layer	thickness.	Carbon	and	PTFE	content	 in	the	MPL	was	defined	to	
mimic	the	composition	of	the	commercial	backing	layer	material.	The	thickness	of	the	




the	 catalyst	 layer	 from	both	a	 cost	and	performance	perspective.	 .4	mgPt/cm2	 is	 a	
common	 catalyst	 loading,	 and	 was	 the	 loading	 targeted	 in	 developing	 the	 GDE	
material.	A	PTFE	concentration	of	25wt%	was	used	in	the	catalyst	layer,	the	same	as	
the	 commercial	 material.	 The	 lower	 PTFE	 loading	 was	 used	 to	 allow	 for	 more	
electrolyte	invasion	into	the	catalyst	layer,	making	more	catalytic	sites	accessible.	The	
use	of	less	hydrophobic	binder	materials	can	also	promote	electrolyte	invasion	in	the	





layer	materials.	 Fabrication	 of	 the	 final	 PTFE	 loaded	 fiber	 product	 is	 a	 three-step	
process.	Characterization	work	was	performed	 for	both	 the	 intermediate	and	 final	
products	and	is	presented	for	each	step	in	the	following	subsections.		
Experiments	 were	 conducted	 to	 determine	 the	 lowest	 concentration	
PAN/DMF	 that	 was	 electrospinnable	 and	 would	 produce	 fibers	 with	 a	 consistent	
cylindrical	 shape.	 Solutions	 below	 8wt%	 produced	 beaded	 fibers,	 and	 the	 lower	
viscosity	of	8wt%	solutions	made	electrospinning	at	reasonable	flowrates	without	the	
PAN/DMF	solution	dripping	from	the	needle	impractical.	9wt%	PAN/DMF	solutions	

















PAN	 fibers	 produced	 from	 a	 9	 wt%	 PAN/DMF	 solution	 feature	 a	 consistent	



















in	 Figure	 19,	 with	 the	 Teflon	 particularly	 visible	 at	 the	 fiber	 intersections.	
Characterization	 work	 was	 performed	 to	 understand	 the	 degree	 to	 which	 Teflon	
coating	 the	 fibers	 effected	 properties	 of	 the	 system.	 The	 porosity	 and	 effective	























Porosity	 of	 the	 materials	 developed	 in	 this	 work	 was	 evaluated	 with	
Archimedes’	principle,	described	in	Section	3.3.5.		
Mass	 loss	 during	 the	 carbonization	 process	 is	 reflected	 in	 the	 change	 in	
porosity	of	the	fiber	materials.	Raw	PAN	mats	are	thicker	and	have	less	void	space	





The	 actual	 porosity	 of	 the	 fiber	 materials	 increased	 by	 32%,	 not	 40%,	
following	carbonization.	This	discrepancy	can	be	accounted	 for	by	considering	 the	



















































































is	 due	 to	 the	 application	 of	 the	MPL	with	 a	 higher	 specific	 surface	 area	 than	 the	
electrospun	fibers.	Valid	specific	surface	area	values	for	the	system	ranged	from	5.23	
to	10.1	m2/g.	Note	 that,	 for	 the	materials	with	high	porosity	 layers	electrosprayed	

























the	 fibers,	 reducing	 the	 in-plane	 conductivity	 of	 the	 material.	 Lower	 conductivity	
cathode	materials	increase	the	internal	resistance	of	the	cell,	resulting	in	higher	ohmic	





The	 electrochemical	 performance	 of	 seven	 different	 cathode	 designs	 were	
investigated	 by	 combining	 different	 substrates	with	 different	 catalyst	 layers.	 	 The	
matrix	of	tested	materials	and	the	naming	scheme	are	organized	in	Table	11.	These	
experiments	 were	 designed	 to	 evaluate	 the	 performance	 of	 electrospun	 and	
electrosprayed	 GDEs	 and	 compare	 them	 to	 commercial	materials	 used	 in	 zinc	 air	
batteries	and	PEM	fuel	cells.	Nafion	and	PTFE	were	compared	as	catalyst	layer	binder	



















































































































Nafion	 and	 PTFE	 catalyst	 layers	 with	 a	 platinum	 loading	 of	 .4mg/cm2	 were	
electrosprayed	onto	 the	MPL,	 producing	materials	with	 an	 average	 total	 thickness	

















commercial	 material.	 An	 encouraging	 result,	 suggesting	 that	 the	 morphology	 of	
electrosprayed	catalyst	layers	is	an	improvement	over	conventional	design.	Catalyst	
layers	 with	 25wt%	 PTFE	 loading	 outperformed	 electrodes	 with	 30wt%	 Nafion	
loading	 for	 all	 the	 material	 designs	 studied.	 This	 may	 be	 due	 to	 more	
electrochemically	active	surface	area	available	in	the	PTFE	catalyst	layer.	Differences	
in	the	behavior	of	electrolyte	invading	the	PTFE	and	Nafion	catalyst	layers	may	also	
explain	 the	 poorer	 electrochemical	 performance	 of	 the	 Nafion	 catalyst	 layers.	
Additionally,	when	oxygen	is	reduced	at	the	cathode	hydroxide	ions	are	created	and	
Nafion	 binder	 in	 the	 catalyst	 layer	 could	 limit	 their	mobility	 away	 from	 the	 triple	
phase	boundary	enough	that	electrochemical	performance	is	reduced.		
	 The	poor	performance	of	 the	 electrospun	materials	was	unexpected,	 as	 the	
electrospun	 fiber	 materials	 have	 significantly	 more	 favorable	 mass	 transport	
properties.	 There	 are	 several	 hypothesizes	 as	 to	 why	 the	 electrospun	 materials	
performed	 poorly.	 PTFE	 coating	 of	 the	 fibers	 that	 reduces	 sheet	 conductivity	
increases	 ohmic	 losses,	 and	 PTFE	 loading/sintering	 may	 inhibit	 mass	 transport.	
Characterization	work	showed	that	radial	diffusion	in	electrospun	materials	was	not	
significantly	 impacted	by	PTFE	 loading,	 however	 through	plane	diffusivity	may	be	
reduced	by	PTFE	 in	 the	electrospun	cathodes.	Migration	of	PTFE	 to	 the	 surface	of	





In	 an	 attempt	 to	 determine	 the	 root	 cause	 of	 poor	 electrospun	 material	
performance,	experiments	were	conducted	with	an	electrospun	fibrous	mat	placed	
under	an	SGL_P	cathode	(in	between	the	cathode	and	the	current	collector),	shown	in	







transfer	 limitations	 at	 current	 densities	 above	 150	 mA/cm2,	 suggesting	 that	 the	
conductivity	 of	 the	 electrospun	 carbon	 fibers	 is	 high	 enough	 that	 they	 do	 not	
appreciably	 contribute	 to	 the	 internal	 resistance	 of	 the	 zinc	 air	 cell	 and	 that	 the	
contact	between	 the	 electrospun	 fibers	 and	 the	 current	 collector	 is	 comparable	 to	
	 65	
current	collector	contact	with	SGL	electrodes.	The	mass	transfer	limitations	may	be	








PTFE	 inserted	 underneath	 an	 SGL_P	 was	 performed.	 Electrode	 performance	 was	
significantly	reduced,	shown	in	Figure	28,	much	more	so	than	in	the	experiment	with	
uncoated	 electrospun	 fibers.	 This	 suggests	 that	 loading	 the	 fibers	 with	 PTFE	 can	
increase	 the	 contact	 resistance	 enough	 to	 impact	 the	 cathode	 performance,	









of	 electrospun	 cathodes	 must	 consider	 current	 collector	 integration	 with	 the	








on	 the	 fibrous	 gas	 diffusion	 layer).	 Polarization	 curves	 for	 this	 bare	 carbon	 fiber	
electrode	 (CNF9_P	 bare	 fiber)	 are	 presented	 in	 Figure	 29	 and	 compared	 to	 the	
performance	 of	 the	 reference	 electrode	 and	 the	 electrospin	 electrode	 with	 PTFE	










resistance	 between	 the	 fibers	 and	 the	 current	 collector	 in	 the	 test	 cell	 and	 to	 the	
improved	in-plane	resistance	of	the	bare	carbon	fiber	materials	compared	to	PTFE	

























	 These	results,	as	well	as	 the	experiments	with	PTFE	coated	 fibers	and	bare	



















Similar	 experiments	 were	 conducted	 for	 the	 SGL_P	 and	 CNF9_P	 bare	 fiber	












The	results	of	 these	mass	 transfer	experiments	support	 the	effective	diffusivity	
characterization	work	that	showed	the	SGL	and	electrospun	materials	offer	improved	
mass	 transport	 compared	 to	 commercial	 powder-binder	 gas	 diffusion	 media.	
Commercial	 gas	 diffusion	 material	 has	 been	 shown	 to	 have	 lower	 porosity	 than	
	 72	





Zinc	 –	 air	 batteries	 offer	many	 advantages	 over	 existing	 forms	 of	 large-scale	
energy	storage.	The	inherent	safety	of	their	electrochemistry	along	with	affordable	
anode	and	cathode	materials	make	them	particularly	attractive.	Improving	the	energy	
and	power	density	of	 zinc	 –	 air	 batteries	 and	 reducing	 the	 cost	 of	 catalysts	 in	 the	
cathode	are	critical	for	the	technology	to	be	adopted	at	scale.	The	work	in	this	thesis	
focused	on	developing	 and	 characterizing	new	cathode	architectures	 that	 improve	
battery	performance	by	optimizing	oxygen	transport	 in	 the	gas	diffusion	 layer	and	
electrolyte	invasion	in	the	catalyst	layer.	
	 Hydrophobic	 nanoscale	 carbon	 fibers	 were	 produced	 by	 electrospinning.	
These	sheets	of	fiber	were	then	carbonized,	coated	with	PTFE,	and	used	as	the	gas	
diffusion	 layer	 in	 novel	 air	 electrodes	 produced	 using	 electrospinning	 and	
electrospraying	techniques.	Mats	of	these	fibers	were	shown	to	have	a	high	porosity	
and	 offer	 a	 55%	 improvement	 in	 oxygen	 diffusion	 over	 the	 conventional	
powder/binder	materials	currently	being	used	as	gas	diffusion	layers.	PTFE	loading	
of	10wt%	was	shown	to	increase	the	breakthrough	pressure	of	the	electrospun	mat	








Electrochemical	 testing	 revealed	 that	 more	 development	 of	 electrospun	 and	
electrosprayed	GDEs	is	required	for	them	to	be	viable	for	zinc	air	battery	applications.	
Though	 the	 individual	 components	 of	 the	 electrospun/electrosprayed	 material	
showed	 improved	 mass	 transfer	 characteristics,	 polarization	 curve	 experiments	
showed	that	they	underperformed	commercial	electrode	materials.	However,	an	SGL	
24	BC	gas	diffusion	layer	with	electrosprayed	catalyst	outperformed	the	commercial	
electrode	 substantially,	 indicating	 the	potential	 of	 electrosprayed	 catalyst	 layers	 in	





internal	 resistance	 of	 the	 cell.	 Polarization	 curve	 experiments	 with	 this	 electrode	
showed	 that	 it	out-performed	 the	commercial	material.	This	 result	 is	encouraging,	
suggesting	 that	 electrospun/electrosprayed	 cathode	 materials	 offer	 mass	 transfer	
and	 electrochemical	 performance	 improvements	 over	 the	 commercially	 available	
materials,	but	better	current	collector	integration	and/or	PTFE	alternatives	need	to	
be	developed	to	fully	take	advantage	of	them.	Polarization	curves	with	limited	oxygen	















	 Electrochemical	 characterization	 of	 the	 promising	 cathode	 materials	
developed	 in	 this	work	 is	 recommended	 so	 that	 ohmic	 losses	 due	 to	 internal	 cell	
resistance	are	minimized.	Electrochemical	 impedance	spectroscopy	experiments	to	
determine	characteristics	such	as	the	solution-solid	interface	resistance	and	charge	
transfer	 resistance	 for	 each	 electrode	would	 be	 useful	 in	 understanding	 electrode	
performance	and	refining	electrode	design.	As	cathode	design	progresses	longevity	
and	 cycle	 testing	will	 be	 important	 to	 understand	 the	 durability	 and	 degradation	
mechanisms	for	novel	cathode	materials.		
Conductivity	 of	 the	 fibers	 and	 integration	of	 the	 current	 collector	with	 the	 gas	
diffusion	layer	is	critical	to	reduce	ohmic	losses	in	the	cell.	These	aspects	of	electrode	









catalyst	 layer	 application	 method	 for	 zinc	 air	 cells,	 and	 more	 work	 can	 be	 done	
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7 Appendix	
7.1 Supplemental	Figures	
	
Figure	34	Valid	specific	surface	area	values	for	PTFE	coated	electrospun	carbon	fibers	
	
	
	 87	
	
Figure	35	Valid	specific	surface	area	values	for	PTFE	coated	electrospun	carbon	fibers	with	an	
electrosprayed	MPL	
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Figure	36	Valid	specific	surface	area	values	for	PTFE	coated	electrospun	carbon	fibers	with	an	
electrosprayed	MPL	and	CL	
